25 nm mechanically buttressed high aspect ratio zone plates: Fabrication
and performance
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High performance zone plates are critical for advancing the state-of-the-art in x-ray microscopy,
both in terms of spatial and energy resolution. Improved resolution, increased energy bandwidth,
and enhanced efficiency can be achieved through the fabrication of smaller, higher aspect ratio outer
zones. Using electron beam lithography, we have fabricated and obtained initial performance data
from a 25 nm outer zone width zone plate, with a 7:1 aspect ratio, using a hydrogen silsesquioxane
(HSQ)/cross-linked polymer bilayer process. We investigated the effectiveness of buttresses, i.e.,
mechanical supports perpendicular to the zones, on our ability to achieve higher aspect ratios which
conventionally would be unreachable due to resist collapse. Optimum buttress spacing is affected by
film thickness, linewidth, collapse mechanisms, and resist modulus. For 25 nm zones, etched into
150 nm cross-linked polym&AZPN114), buttress spacings of approximately two times the resist
thickness or ten times the zone width are sufficient to prevent collapse during plating. We find that
high aspect ratio features not only have to be able to withstand collapse during liquid immersion, but
also during dry etching processes. In addition, we show that a 50% feature bias and longer
development time$8 min in 1% TMAH based solutionsallow smaller dense feature sizes by
eliminating resist webbing frequently observed in electron-beam imaging of KS5Q004
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I. INTRODUCTION It is possible in the case of zone plates, to buttress the

. . zones with additional features to form mechanical support
Zone plates are still the most practical and useful struc- -

: : structures. These buttressed structures can have significantly
tures for focusing x rays for the purposes of microscopy. Th

best zone plates have a demonstrated resolution of 20 n'?ngher resistance to collapse without seriously compromising

corresponding to an outer zone width of 25 hiowever, e zone plate performance. Ideally, optimum buttress struc-

X ) X tures should use a minimum of real estate for mechanical
these zone plates, with aspect ratios of approximately 2:1 - .
§upport but maximize the resistance to collapse.

are useful only up to energies of 900 eV. In addition, even ai ) : . o I
: T X : s In this article, we detail the fabrication and show initial
lower energies, aspect-ratio limited, i.e., thickness limited, . .
high energy performance results for a buttressed 25 nm, 7:1

focusing efficiency requires longer exposure times which in- ! . .
. g . spect ratio outer zone width zone plate using a HSQ/cross-
creases damage to radiation sensitive materials. In order {0 . : : .
. . Inked AZPN114 bilayer scheme. We investigate optimum
work at higher energies, where many more elements are a

. ) . - ® Auttress structures and find that for 25 nm zones, etched into
cessible spectroscopically, and with greater efficiency, it is . S

) . . 150 nm AZPN114, the optimum buttress spacing is close to
necessary to fabricate high aspect ratio zone plates.

¥en times the zone width. Our cryogenic etching studies

Previous work has shown that there is a critical aspec ' . . .
. : - how that profile control is crucial and that the dry etching
ratio for collapse of resist features exposed to a liquid that

o . Jrocess itself can also lead to structure collapse. In addition,
limits the aspect ratios that can be successfully patterned for ; .
) 3 : ) . we show that feature bias and longer development time can
features of arbitrary length® To avoid resist collapse during - - . . .
. T . .eliminate the resist webbing frequently observed in electron
development, bilayer schemes, where a thin imaging layer is . : . . I
. . . . e-beam imaging of HSQ. This also improves our ability to
transferred with a plasma etch into a relatively thick under- . .
.generate small, high aspect ratio structures.
layer, are used. However, when the actual zone plate id
formed by electroplating metal between the remaining resist
features, regardless of the initial patterning process, high adl EXPERIMENT
pect ratio features must survive immersion in a liquid. The goal for our zone plate was to be able to work from
300 eV to over 1 keV with high resolution, good efficiency,
Author to whom correspondence should be addressed; electronic maiNd large focal lengths. The specific zone plate parameters
dlolynick@lbl.gov were: diameter=12@m, number of zones=1200, outer
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zone width=25 nm, and nominal operating wavelength
=2.07 nm(600 eV). The optimum efficiency at 600 eV was
achieved at a zone plate thickness between 180 and 200 nm.

We have discussed the fabrication of diffractive optics
using a HSQ/cross-linked AZPN114 bilayer process, cryo-
genic etching, and plating previous“lpnly the changes are
noted here. A. Grid

A plating base of 5 nm Cr and 10-12 nm of Au was
formed on the membrane wafers using e-beam evaporation.
Wafers were coated with a 30% weight solution of Sumi-
tomo AZPN114 photoresist and hardbaked at 250 °C for
5 min producing a 180 nm film. Next, a 1.8% solution of
HSQ (Fox-15, Dow Corning, 18% soliglswas spun at
4000 rpm, oven baked for 5 min on a copper plate at 170 °C -
for 30 min, producing a film of approximately 30 nm thick- B. Brick
ness.

The zone plate resist pattern was exposed in HSQ using a
modified® Leica VB6HR at 100 keV with 450 pA beam cur-
rent and a 10 nm spot size. Lines were printed at a 1:1 line to
space ratio with a 50% negative bias. Optimum 25 nm zone
plate doses were approximately 250Q/cn?. The wafers
were developed in 100% Shipley LDD 26-W for 8 min, .
rinsed in de-ionizedDI) water and blown dry. C. Railroad

The AZPN114 was etched for 75 s in an Oxford Plas- Fe. 1. Schematic of buttress structures. Spacing between buttredses is
malab 100 ICP 380 etcher at cryogenic temperatures. After
etching, wafers were warmed to room temperature, undelr”_ RESULTS AND DISCUSSION

vacuum, to prevent water condensation on the cold wafers
and possible resist collapse. A. Effect of bias and development time

After etching, the wafers were plated with Au to a thick-  Previously, we have shown that with HSQ and shorter
ness of 175 nm using sodium aurosulfite from Enthone-OMUdevelopment times, the bias improves process latitude but
at 45 °C and a current density of 1.3 mA/&nThis results decreases dose sensiti\ﬁtyve have found that a critical is-
in a plating rate of about 100 nm/min. The plating rate wassue for dense features produced in HSQ is the onset of web-
optimized to give the lowest stress and suitably small graingding or microbridging of features. This webbing forms ran-

A second e-beam lithography step was used to plate thdom unwanted connections between lines and increases in
open areas of the SiNsupport membrane insideentral severity as the_ QOse to pnnt_on size is approached and ex-
stop and outside the zone plate to reduce stray backgrounﬁeeded' In addition to producing unwanted features, webbing

and zero order light in the x-ray microscope. AZPN114g]u;:ebEi§VZ$]ed as it causes line displacentsee for ex-
100% was spun as a negative e—bgam resist f"‘t 2000 rpm, ang]Figure 2 shows the combined effects of longer develop-
postapply baked at 120 °C for 2 min. The resist was exposeflient time and bias. The dose for the onset of webbing is
at 188uC/cnt, postexposure baked at 105 °C for 5 min, circled with the accompanying scanning electron microscopy
and developed for 60 s in Shipley Corp. MF-312. The openSEM) micrograph showria and b. The lower slope of the
membrane areas were then gold electroplated to a thicknestased lines shows that the combination of bias and longer
of 1 um. development time produces the expected increase in process
For buttressed resist collapse tests, a bilayer film ofatitude. As the HSQ dose-to-print can have poor

100 nm HSQ and 200 nm cross-linked AZPN114 was proreproducibilityf"7 this increased process latitude is especially
duced. Collapse was studied after developm@i$Q col- important. One consequence of line biasing is decreased line-

lapse and after dry etching to a depth of 100 and 200 nmWidth uniformity between lines on the outside of the pattern

into the cross-linked resist. Three buttressed line structure T‘d lines on the inside. As a consequence, the thinner lines in

were investigated: grifFig. 1(a)], brick [Fig. 1(b)], and rail- 9. 3@ have collapsed. We.dlscuss line collapse mecha-
) . nisms in the subsequent section.

road [Fig. 1(c)] and compared to unbuttressed lines of the

same spacing and resist. The goal was to minimize buttress Line collapse and buttresses

real estatgarea fractiom and maximize line stability. Spac-

ings analyzed were 20, 13, 10, and 8 times the linewidths.

il

|

Resist line collapse was first studied by Tanakal> As
features dry after development, unbalanced capillary forces
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Fic. 2. Linewidth vs dose for 50 nm pitch lines. Biased lilbshave more

process latitude Fic. 4. Unbuttressed vs buttressed 23 nm lines at 60 nm pitch in

100-nm-thick HSQ. Buttresses spacing is six times the resist thickness.

produce a differential pressure. For equal lines and spaces, q 20,EW
areas filled with liquid have less pressure than areas that are Pb= D 34 (2)
already dry. This pressure difference is given from the
Laplace equation as where P, is the bending pressure required to achieve a de-
flection of d,, q is a bending force per unit lengtb, is the
_ 2ycosé length of the zone or linek: is Young’s modulusw is the
AP= s (1) linewidth, andt is the resist thickness.

If the bending pressure is a result of meniscal forces, then

where y is the surface tension between the solvent and ga§/ D=2y cos6/S from Eq. (1). For simplicity, we do not
phaseSis the distance between neighboring liree cap- take into account the bending press%re dependence on resist
illary width), and ¢ is the angle the surface tension vector deéflection as analyzed by Tanakaal.” Setting S=w, (1:1
makes with the resist. line-to-space ratipand d,=w (one line collapses while the

For elastic collapse, failure occurs when the resist elastiother remains ereftthe critical collapse thickness is
cally bends far enough to touch a neighboring structure and ¢ = 0.33/4cw/, (3)
stick. In the small angle elastic deflection regittraly valid
only for deflection-to-resist-height ratios less than 0.2, butvhereC=(E/ycosé _ _
valid within an order of magnitude for deflections up to e model buttressed lines as simply supported plates at

resist feature modeled as a cantilever beam is terfacg and free at the top edge. The solution to the problem

for a small angle deflections and a Poisson ratio of 0.33 is
found in Ref. 9. The critical dependency in this model is the
resist thicknesst) to buttress spacing) ratio, t/b. Fort/b
values of <1, the structure acts similarly to a cantilever
beam[Eq. (3)] with a correction factor related to the Poisson

1/4

Critical thickness vs. linewidth
(1:1 lines to spaces)

o ratio and thet/b ratio. As thet/b ratio approaches @&hick

500 | ® o ’m o resists with more closely spaced buttregstre effect of the

400 i onte (RN built-in support at the resist-substrate interface becomes in-
_ o oM b=t . significant, and the resist system acts like a beam simply
5300 [ supported on both ends with a support spacing equivalent to
£ 200 L - ? the buttress spacing. In this regime, the collapse becomes

100 . < . . . independent qf resist thickngss and is dependent only on the

3 5. e buttress spacing and linewidth. In theory, one could reach
g o " » " w© 5 indefinite aspect ratios with the only drawback being the loss
w (nm) in real estate from the closely spaced buttresses.

In Fig. 3, we plot the critical resist thickness as a function
Fic. 3. Critical thickness of collapse ws (linewidth) for collapse due to  of |inewidth for 1:1 lines and spaces using the simple canti-
liquid immersion.C represents the properties of the collapsing material andlever model(unbuttressed lingsand the plate modebut-
the liquid/material interface. Above the critical thickness lines will collapse. . . .
Curves connected with lines are for buttressed structures. Higher thicknedé€Ssed lines At constant resist thickness, the buttress spac-

structures can be reached with buttressed lines with the €ame ing must decrease to prevent collapsevaglinewidth) is
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Fic. 5. Effect of bilayer etching on 30 nm buttressed lin@.No etching,
railroad,b=6t. (b) No etching, brick(c)—«f) Oxygen cryoetch, 2 miftotal
structure thickness=300 nnic) Railroad,b=2h. (d) Brick, b=2t. (e) Rail-

road, b=0.4t, (f) Brick, b=0.5. Small spacing brick structures can with-

stand collapse after etching.

reduced(until t/b is greater than 3 when collapse becom
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Fic. 6. Cross-section of 40 nm bilayer lines. Total height is approximately
330 nm.

on the order of 4 GH&O Thus buttresses are an excellent
alternative to using very high modulus materials.

Figure 4 compares unbuttressed lines with grid, brick, and
railroad buttressed structures for 23 nm lines and 60 nm
pitch in a 100 nm film of HSQ. Buttressed brick and railroad
structures were mostly uncollapsed at buttress spacings six
times the resist thicknesgThis translates to an unsupported
line width 20 times the resist spacing, and 5% area fragtion.
Grid buttresses collapsed because the effective buttress spac-
ing is twice that of the railroad and brick typésame but-
tress area fraction

In Fig. 4(c) there is some bowing of the resist lines. We
essaw the uncoated lines bowing as we imaged the samples

independent of film thicknegsTo achieve an uncollapsed with the SEM and were able to discern with subsequent tests

167 nm structuréapproximately our zone plate heiglafter
liquid immersion, a nonbuttressed structure would have

of gold coated samples that samples were not bowed before
t6SEM imaging. Figure 5 shows that the 30 nm wide but-

have a Young’'s modulus ten times greater than that of a@ressed lines are stable after developnj&¢d) and §b)], but
buttressed structuréwith b=2t, buttress spacing twice the fall over after 2 min of etching into the AZPN11&(c) and

resist thickness For a water to air interfacg=72.8 mPg,
and a perfectly wetting materiah=0), this would require an

5(d), total HSQ+AZ structure height of 280 rimFor the
range of buttress spacings we studied, reducing the buttress

increase in Young's modulus from 2 to 20 GPa. Even usingpacing mitigates the problem for the brick struct{€)]
this simple order of magnitude calculations, it becomes obbut not for the railroad structurgs(e)]. At some point the
vious that buttresses provide a means of increasing the aspédirte pairs in the railroad structure will act like single, unbut-
ratios far beyond what can be reached even with very heavilyressed lines.

cross-linked resists[poly(methyl methacrylate heavily

The mechanism of collapse during the dry etching step is

cross-linked approaches an acrylic structure with a modulustill unclear. From the cross section images shown in Fig. 6,
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it is obvious that collapse occurs after the etching procesdack is the loss of real estate. For zone plates, this loss of
the individual lines are etched to the same depth but haveeal estate translates to a reduction in zone plate transmission
fallen together. Possibly, collapse occurs upon warm-up ofless brightness in the central spoEurthermore, we ob-
the cryogenic etching due to differential thermal expansionserved that resist collapse can occur as a result of plasma
Another possibility is that charging of the resist by the processing. Although the exact mechanism is still unclear,
plasma during etching pulls the lines together. We will inves-puttresses were also able to mitigate this collapse.
tigate this further in the future. Using a brick buttress system, 50% biased lines, and long
Figure 7a) shows the outer region of the 25 nm outer geyelopment times, we have fabricated a 7:1 aspect ratio
zone width gold electroplated brick buttressed zone p|at%;old-electroplated zone plate which is able to resolve 1:1
(50% biased lines, long development timednly the outer  jines and spaces at a 25 nm linewidth over a wide range of
15 um are buttressed and the buttress area fraction is a4y energies. This is the first step to achieving even higher
proximately 10%. Figure (B) shows an x-ray miCroscope eqqytion, higher efficiency zone plates. We expect this tech-

. 1 . . .
!magiﬁ_ ofa 25 nlrr; l'”?‘;}‘"dth/sqtnrp pitch elbow ptattetrrll( US hique to find applications in microelectromechanical systems
Ing this zone plate. These Iniial measurements, 1aken at,y cartain microelectronic structures.

350 eV, indicate a working high resolution, buttressed zone
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